Abstract Investigation of herbicide toxicology in nontarget aquatic primary producers such as microalgae is of great importance from an ecological point of view. In order to study the toxicity of the widely used herbicide paraquat on freshwater green microalga Chlamydomonas moewusii, physiological changes associated with 96 h-exposures to this pollutant were monitored using flow cytometry (FCM) technique. Intracellular reactive oxygen species concentration, cytoplasmic membrane potential, metabolic activity and cell protein content were monitored to evaluate the toxicological impact of paraquat on algal physiology. Results showed that herbicide paraquat induced oxidative stress in C. moewusii cells, as it indicated the increase of both superoxide anion and hydrogen peroxide levels observed in non-chlorotic cells of cultures exposed to increasing herbicide concentrations. Furthermore, a progressive increase in the percentage of depolarised cells and a decrease in the metabolic activity level were observed in response to paraquat when non-chlorotic cells were analysed. Chlorotic cells were probably non-viable cells, based on the cytoplasmic membrane depolarisation, its metabolically non-active state and its drastically reduced protein content. In view of the obtained results, we have concluded that a range of significant physiological alterations, detected by flow cytometry, occur when C. moewusii, an ubiquitous microalga in freshwater environments, is challenged with environmentally relevant concentrations of the herbicide paraquat.
Introduction
Many herbicides have high water solubility and low sorption coefficients, allowing rapid uptake into target plants. Such physicochemical properties also render them susceptible to off-site transfer into the aquatic environment, so that high herbicide concentrations could reach aquatic systems and become toxic for phototrophic microorganisms, such as microalgae, even without being the original target species for which the herbicide was designed (Deneer 2000; Warren et al. 2003) . Therefore, pollution with herbicides must be considered as a potential risk for aquatic ecosystems, altering phototrophic species assemblages (Kish 2006; Seguin et al. 2001) , as well as for the quality of drinking water (Katsumata et al. 2006) , since some herbicides in use are known to be mutagenic, carcinogenic or teratogenic (Nguyen-Ngoc et al. 2009 ).
Microalgae are among the essential components of aquatic ecosystems, producing oxygen and organic substances on which most organisms, including fishes and invertebrates, are dependent. In this way, chemical effects on algae can directly affect the structure and function of an ecosystem resulting in oxygen depletion and decreased primary productivity. The effects on microalgae therefore are not only important for the organisms themselves, but also for other links in the food chain (Daam et al. 2009; De Lorenzo et al. 2002; Rioboo et al. 2007) . It is thus essential to assess the effects of toxic compounds on non-target microalgal species and, considering that sensitivity to pollutants varies widely among these organisms, it is important to look for new and more sensitive species in order to obtain biological data to evaluate ecological risk. Furthermore, developing convenient methods to detect contaminants based on the physiological response of organisms has become a major goal in ecotoxicological research. This is to provide an early warning of sublethal pollution (Eullaffroy and Vernet 2003) . Monitoring of herbicides as pollutants in non-target environments is largely achieved through chemical analysis of a few key chemicals. However, regulatory agencies have recognised the need to complement these analytical chemical results with rapid and sensitive bioassays (Muller et al. 2008) . Standardised algal growth bioassays remain the preferred technique for assessment of phytotoxic effects in most ecotoxicological studies (van Wezel and van Vlaardingen 2004) , but these tests provide bulk measurements which do not allow us to observe potential intercellular differences within the cellular population analysed. Moreover, results obtained do not offer information regarding a mode of toxic action. In that respect, flow cytometry (FCM) has been introduced as an alternative to traditional techniques for studying the response of microalgal cells exposed to different pollutants in toxicity bioassays (Cid et al. 1996; Franqueira et al. 2000) .
FCM allows the rapid determination of a high number of cell functions by using a great variety of biochemically specific, non-toxic and fluorescent molecules in conditions close to the in vivo status in short-term exposures to high levels of light. Recently, fluorescent probes have been applied to physiological studies of algae and other microorganisms (Adler et al. 2007; Rioboo et al. 2009; Veal et al. 2000) . In an ecotoxicological context, there are recent studies with microalgae as test organisms in which it was demonstrated that, although very rarely used in ecotoxicology, FCM combined with the use of different fluorochromes is a quick and convenient technique to assess toxic effects of pollutants that can generate information on the mode of action of contaminants (Adler et al. 2007; Jamers et al. 2009 ). However, the potential of this technique as a tool in microalgal toxicity bioassays has not yet been fully exploited.
Paraquat is one of the most widely used herbicides in the world for the control of broadleaf weeds in several crops due to its great efficiency and low cost (Fuerst and Vaughn 1990; Qian et al. 2009 ). In a previous study, we have observed, using FCM, that the exposure of the freshwater microalga Chlamydomonas moewusii to increasing paraquat concentrations, caused chlorosis in a concentrationdependent percentage of microalgal population, and we concluded that chlorotic cells were non-viable cells based on their reduced size and complexity and their inability to be stained with fluorescein diacetate (Prado et al. 2011) . Now, in the present work, we aim to study in depth the cell response of this microalgal species to median-term exposures to paraquat. For this reason, different staining protocols were optimised to assess the toxicological impact of this herbicide on different aspects related to microalgal physiology and biochemical composition, by means of FCM, which allowed us to separately analyse chlorotic and non-chlorotic cells. The importance of oxidative stress as a mechanism of paraquat toxicity has been demonstrated in studies with different organisms (Ananieva et al. 2004; Suntres 2002) . Consequently, we decided to monitor the intracellular generation of reactive oxygen species (ROS): superoxide anion (O 2
•-) and hydrogen peroxide (H 2 O 2 ). Cytoplasmic membrane potential, esterase activity and protein content were also monitored by staining cells with different fluorochromes, taking into account the differentiation between chlorotic and non-chlorotic cells.
Materials and methods

Microalgal cultures
Chlamydomonas moewusii Gerloff (Chlamydomonadaceae) was obtained from the Culture Collection of Algae and Protozoa of Dunstaffnage Marine Laboratory (Scotland, UK) (strain CCAP 11/5B) and was maintained in sterile Bristol medium (Brown et al. 1967) .
The inoculum for the assays was taken from a 3-day-old stock culture, with the aim of using cells growing in a logarithmic phase for all experiments. Cultures were grown in sterile 500 ml Pyrex glass bottles containing 300 ml of sterile medium. Initial cell density was 4 9 10 5 cells ml -1 . Microalgal cultures were maintained at 18 ± 1°C, illuminated with a photon flux of 70 lmol m -2 s -1 under a dark:light cycle of 12:12 h and continuously aerated, over 96 h.
Paraquat was added to the growth media to create a range of different exposure concentrations related to the EC 50 values obtained previously (Prado et al. 2009b) , i.e. 50 nM (lower than the EC 50 ), 100 and 150 nM (around the EC 50 values), and 200 nM (higher than the EC 50 ). Paraquat stock solution (1 mM) was prepared by dissolving granulated herbicide (Sigma; MW: 257.2) in distilled and sterilised water. Control cultures were also included, to which no paraquat was added. All cultures were carried out in triplicate.
Actual paraquat concentrations in culture samples collected at the beginning and at the end of the 96 h exposure period were determined by a HPLC-MS protocol (Castro et al. 1999 ).
Flow cytometric analysis of microalgal cells
Flow cytometric analysis of C. moewusii cells was performed in a Coulter Epics XL4 flow cytometer (Beckman Coulter Inc., Fullerton, CA, USA) equipped with an argonion excitation laser (488 nm), detectors of forward (FS) and side (SS) light scatter and four fluorescence detectors corresponding to four different wavelength intervals: 505-550 nm (FL1), 550-600 nm (FL2), 600-645 nm (FL3) and [645 nm (FL4) . Forward scatter and red chlorophyll fluorescence histograms were used to characterise the microalgal population, setting gating levels in order to exclude non-microalgal particles. For each cytometric parameter investigated, at least 10 4 gated cells were analysed per culture and fluorescence measurements were obtained in a logarithmic scale. Data were collected using listmode files and statistically analysed using EXPO32 ADC software (Beckman Coulter Inc.).
The concentration, duration of labelling and intensity of staining was optimised for each fluorescent marker in order to create a staining protocol with the least concentration possible as well as the shortest labelling time. The lowest fluorochrome concentration and shortest incubation time were chosen in order to obtain significant and stable staining of cells without toxicity being developed.
Oxidative stress measurement: determination of intracellular levels of reactive oxygen species (ROS)
Oxidative stress in C. moewusii cells was evaluated, after 96 h of paraquat exposure, based on FCM determinations of intracellular levels of superoxide anion radical (O 2
•-) and hydrogen peroxide (H 2 O 2 ), using the fluorochromes hydroethidine (HE) and dihydrorhodamine 123 (DHR123), respectively. Hydroethidine (HE) or dihydroethidium has been widely used to detect intracellular O 2
•-in animal cells (Zhao et al. 2003) . It can enter the cell where it is selectively oxidised by superoxides (Benov et al. 1998 ) to form a DNA-binding fluorophore, giving a fluorescence signal, with a maximum emission at 605 nm, that can be quantified by FCM. A HE (Sigma-Aldrich Co.) stock solution was prepared in dimethylsulfoxide (DMSO) at a final concentration of 3.17 mM, and stored at -20°C. Cell suspensions (2 9 10 5 cells ml -1 ) were incubated with this fluorochrome at a final concentration of 15.85 lM at room temperature for 30 min. Fluorescence emission from oxidised products of HE was collected by the FL3 detector (600-645 nm) of the cytometer used.
Dyhydrorhodamine 123 (DHR123) was shown to be specifically responsive to H 2 O 2 (Henderson and Chappell 1993; Qin et al. 2008; Walrand et al. 2003) . This dye passively diffuses across cell membranes and, once inside the cell, it can be oxidised, mainly by H 2 O 2 , in a slow reaction unless catalysed by an enzyme with peroxidase activity, and secondarily by peroxynitrite anion, to form cationic rhodamine 123 (Dikshit and Sharma 2001) . This is a fluorescent compound which localises in the mitochondria emitting a bright fluorescent signal with a maximum emission at 529 nm. A DHR123 (Sigma-Aldrich Co.) stock solution was prepared in DMSO at a final concentration of 5.77 mM, and stored at -20°C. Cell suspensions (2 9 10 5 cells ml -1 ) were incubated with the fluorochrome at a final concentration of 28.87 lM at room temperature for 60 min. Fluorescence emission from oxidised products of DHR123 was collected by the FL1 detector (505-550 nm).
In each case, aliquots of untreated and treated samples remained unstained for autofluorescence measurements, so that fluorescence values obtained after staining cells were corrected by subtracting their autofluorescence. In order to avoid the variability due to differences in cell size, which have been reported for cultures of this microalga exposed to paraquat (Prado et al. 2011 ), fluorescence were corrected by cell size estimated using the forward scatter light (FS). For both fluorochromes, staining protocol was validated incubating stained cells with H 2 O 2 at a final concentration of 5 mM for 10 min, as a positive control.
Cytoplasmic membrane potential assessment
In the present work, cytoplasmic membrane potential of C. moewusii cells was monitored using a slow-response potentiometric probe, characterised by showing high fluorescence dynamics upon changes in membrane potential by its Nernstian distribution between the inside and outside of the cell (Ehrenberg et al. 1988; Plásek and Sigler 1996) . We used the lipophilic anionic oxonol dye bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC 4 (3)), which undergoes a potential-dependent distribution between the cytoplasm and the extracellular medium in eukaryotic cells. Once the cells are equilibrated with DiBAC 4 (3), cytoplasmic membrane depolarisation will be reflected in an increased intracellular anionic dye concentration, i.e. by accumulation of dye in the cells, whilst decreased accumulation will reflect hyperpolarisation (Rabinovitch and June 1990) . Upon depolarisation of the cellular membrane, the negatively charged oxonol moves from the extracellular aqueous environment, where it exhibits low fluorescence, into the cytosol, where it is bound to intracellular proteins and membranes and its fluorescence intensity is enhanced (Wolff et al. 2003) .
Aliquots of 2 9 10 5 cells ml -1 were stained with DiBAC 4 (3) (Sigma Aldrich Co.) at a final concentration of 0.97 lM from a 0.97 mM stock solution in DMSO, incubated at room temperature in darkness for 10 min. The green fluorescent emission of this compound, with a maximum at 516 nm, was collected by the FL1 detector (505-550 nm). Aliquots of untreated and treated samples remained unstained for autofluorescence investigations in order to avoid false positives in DiBAC 4 (3) emission spectra as a consequence of changes in the emission spectra of damaged photosynthetic systems (Caux et al. 1996) . The utility of this membrane potential dye in our model system was validated by analysing cells for acute changes in their cytoplasmic membrane potential. Microalgal cells stained with DiBAC 4 (3) were depolarised, to obtain a positive control, by increasing concentrations of extracellular KCl in the presence of digitonin (final concentration of 32.54 lM during 15 min). This is a weak, non-ionic detergent that selectively renders the plasma membrane permeable whilst the nuclear envelope and other major membrane organelles remain intact (Kuin et al. 2000) .
Metabolic activity determination: kinetic assay of FDA-dependent fluorescence generation
Metabolic activity was assessed using a fluorescein diacetate-based cell esterase activity assay, which has been reported as a sensitive and rapid technique to assess phytoplankton metabolic activity (Dorsey et al. 1989; Jochem 1999; Prado et al. 2009a) . Fluorescein diacetate (FDA) is a lipophilic, non-fluorescent substance which enters the cells freely and, once inside the cell, its acetate residues are cleaved off by non-specific esterases, making the polar hydrophilic fluorescent product fluorescein, which is retained by cells with intact plasma membrane, proportionally to the cell esterase activity. The amount of fluorescence will therefore increase over time depending on the metabolic activity of these enzymes.
In the present work we used a kinetic approach to the FDA assay (in fluxo analysis) to examine the effect of paraquat on the fluorescein fluorescence intensity generated in C. moewusii cells, indicative of the metabolic activity level (Dorsey et al. 1989; Gilbert et al. 1992) , taking into account only viable/metabolically active cells. Kinetic measurements of FDA-dependent fluorescence generation were performed recording the increase of green fluorescence, collected by FL1 detector (505-550 nm), after FDA addition depending on time, adapting the protocol developed by Lage et al. (2001) to this microalga. The final FDA (Sigma-Aldrich Co.) concentration used to stain cell suspensions (2 9 10 5 cells ml -1 ) was 0.24 lM, obtained from a stock solution prepared at a concentration of 0.24 mM in DMSO and stored at -20°C. Acquisition protocol was as follows: a baseline green fluorescence of unstained cells was recorded for approximately 30 s, then FDA was added to the cell suspension and acquisition of the green fluorescence was resumed for approximately 5 min (time enough to stabilise the generated fluorescence). Then, FDA-dependent fluorescence generation rates (directly related with metabolic activity level, and expressed as fluorescence arbitrary units per minute), were calculated by regression analysis of mean fluorescence values over time, obtained defining one-channel wide, rectangular regions over the time axis for each kinetic plot (Juan et al. 1994) . Because FDA-derived fluorescence emission can be altered by changes in cell volume (Agustí et al. 1998) , fluorescence values obtained were normalised to cell size values estimated using FS.
Thermal death by microwave heating was included as a control of the probe.
Cell protein content analysis
Cell protein content was analysed by FCM using the fluorochrome fluorescein isothiocyanate (FITC), which emits green fluorescence (525 nm) when it is excited by the laser light of the cytometer (488 nm). This fluorochrome is reactive towards amine groups on proteins and remains attached to cells after washing due to the covalent nature of its binding (Shapiro 1995) .
Since FITC is not able to diffuse across cell membranes, cells were permeabilised with the weak non-ionic detergent digitonin that associates with membrane sterols, creating pores (Elias et al. 1978) . Aliquots of 2 9 10 5 cells ml
were incubated at room temperature with digitonin (final concentration: 32.54 lM), from a 3.25 mM stock solution freshly prepared in DMSO, for 15 min. This pre-treatment was not seen to affect the cell autofluorescence. Stock solution of FITC (Sigma-Aldrich Co.) was freshly prepared at a concentration of 4 mM in DMSO, and cell suspensions were stained with the appropriate volume of the fluorochrome stock (final concentration: 0.25 lM) for 35 min at room temperature and in darkness. FITC fluorescence was collected by FL1 detector (505-545 nm), and values obtained were corrected as in the case of ROS probes.
Data analysis
Mean and standard error values were calculated for each treatment from three independent replicate cultures. Data are given as mean values ± standard error (S.E.) of the mean. To determine significant differences among test concentrations, data were statistically analysed by an overall one-way analysis of variance (ANOVA) using SPSS 16.0 software. A p-value\0.05 was considered statistically significant. When significant differences were observed, means were compared using the multiple-range Duncan test.
Results
Paraquat concentrations
Measured concentrations of paraquat at the beginning of the experiment were close to nominal values ([90%), while at the end of the exposure period (96 h) the herbicide concentrations were drastically reduced, ranging from 8 to 17% of the initial nominal concentrations (Table 1) .
Oxidative stress
Since FCM allows us to assess the intercellular variability of the cell populations, detecting cell subpopulations with distinct features, as is the case, we could study the ROS level separately for chlorotic and non-chlorotic cells. After staining with HE, a percentage of chlorotic cells were not stained (encircled subpopulation in Fig. 1b) ; these cells were not taken into account when performing the data analysis. Chlorotic cells, independently of the herbicide concentration in culture, showed ROS levels, both superoxide anion and hydrogen peroxide, similar to those observed in control culture cells (Fig. 2) . Superoxide anion level in chlorotic cells of cultures exposed to the highest paraquat concentration assayed is even significantly lower (p \ 0.05) than that showed by cells not exposed to the herbicide (Figs. 1a, b, 2a) .
Analysis of non-chlorotic cells revealed a different behaviour, hence ROS levels increased in these cells after the exposure to paraquat (Fig. 1) in a concentrationdependent manner (Fig. 2) . Superoxide anion level responded in a more sensitive way, since even cells exposed to the lowest herbicide concentration assayed, 50 nM, showed a significantly increased (p \ 0.05) level of this radical (about 20% higher than control) (Fig. 2a) .
Cytoplasmic membrane potential
The flow cytometric analysis of DiBAC 4 (3)-stained cells showed that paraquat affected cytoplasmic membrane potential of C. moewusii cells, leading to the depolarisation of the plasma membrane, i.e. to a huge fluorochrome influx inside the cells (Fig. 3) .
The possibility of separately analysing chlorotic and non-chlorotic cells allows us to observe that chlorotic cells, present in cultures exposed to paraquat concentrations above 50 nM (Table 2) , were cells with a depolarised cytoplasmic membrane, since they showed a DiBAC 4 (3)-derived fluorescence increased with respect to non-stressexposed cells (control) (Fig. 3) .
Excluding the chlorotic cells from the analysis, a concentration-dependent effect of the herbicide was observed, whose presence in culture in concentrations higher than 50 nM induced the membrane depolarisation in a significant percentage of analysed cells (p \ 0.05). In this way, between non-chlorotic cells in cultures exposed to 200 nM, merely 43.68% of the cells maintained a normal cytoplasmic membrane potential comparable to control cells ( Table 2 ).
Metabolic activity: FDA-derived fluorescence generation based on esterase activity level
The in fluxo analysis of the FDA-derived fluorescence generation, i.e. the esterase activity, in C. moewusii cells after exposure to increasing paraquat concentrations showed that chlorotic cells and a certain percentage of nonchlorotic cells, the higher the paraquat concentration, did not show a green fluorescence increase over time, related to fluorescein generation, after the addition of FDA, revealing its metabolically non-active state ( Fig. 4; Table 2 ). In this way, esterase activity was only analysed on metabolically active non-chlorotic cells for each culture. The activity level of these cells was affected by paraquat in a concentration-dependent manner. It was already significantly reduced (p \ 0.05) in cultures exposed to the lowest herbicide concentration and this reduction was more pronounced when paraquat concentration increased, thus it was reduced by half in cultures exposed to 200 nM paraquat as compared to control cultures (Table 2) .
Cell protein content
The possibility of studying chlorotic and non-chlorotic cells separately allows us to observe that these cell types showed differences in their biochemical composition.
The flow cytometric analysis of FITC-stained cells revealed that non-chlorotic cells, regardless of paraquat concentration, did not show significant differences respect to control with regard to their protein content, showing even a slight increase in cultures exposed to 100 nM of paraquat (Fig. 6) . However, chlorotic cells, present in cultures with a paraquat concentration of 100 nM or higher, showed a cell protein content which was significantly lower than the values obtained for non-chlorotic cells of their respective culture, and therefore significantly reduced with respect to control cells (p \ 0.05) (Figs. 5, 6 ). Protein content shown by chlorotic cells did not reveal Flow cytometric analysis to evaluate physiological alterations 415 significant differences between paraquat treatments (Fig. 6 ).
Discussion
Intensive applications of herbicides for weed control have attracted great concerns from the public since pollution with these chemicals has been reported as a potential risk for aquatic ecosystems as well as for the quality of drinking water (AbdEl-Aty and El-Dib 2009; Katsumata et al. 2006) . In ecotoxicological risk assessment, standard bioassays are used to assess the toxicity of pollutants as herbicides on aquatic organisms such as microalgae. These are among the essential components of aquatic systems so that chemical effects can provoke structural and functional alterations in these ecosystems. Paraquat is a herbicide with a well-known mode of action that can have potentially adverse effects on primary producers. A number of studies on the effects of this herbicide on microalgae have been carried out using traditional toxicity endpoints (Ibrahim 1990; Oliveira et al. 2007; Sáenz et al. 1997; Wong 2000) , but only a few studies have focused on the effects on other levels of biological organisations or have attempted to detect underlying mechanisms of toxicity (Franqueira et al. 1999; Jamers and De Coen 2010; Prado et al. 2009a) . In the present work, the effects of paraquat, in environmentally relevant concentrations (Bacchetta et al. 2002; Cochón et al. 2007; Eisler 1990) , were investigated on the green alga C. moewusii using alternative parameters to the traditional endpoints, through the optimisation of different FCM assays which allowed us to characterise the microalgal response assessing the toxic effects on algal physiology at cellular level. ROS such as O 2 •-, H 2 O 2 or OH • are constantly generated in cells as byproducts via various oxygen metabolisms predominantly in chloroplasts, mitochondria and peroxisomes (Apel and Hirt 2004) . Under normal conditions, ROS production is well controlled by cell antioxidant systems, but it is known that a range of abiotic and biotic stresses induce the excessive generation of ROS in plants due to perturbations of chloroplastic and mitochondrial metabolism, exceeding the capacity of ROS-scavenging reactions (Ananieva et al. 2004; Liu et al. 2009; Taylor et al. 2002) . Paraquat has been reported to be a potent redox-cycling chemical agent (Bus and Gibson 1984; Jung and Kim 2003) that acts by intercepting electrons from the photosynthetic electron transport chain at photosystem I level. This results in the production of bipyridyl radicals that readily react with O 2 to produce O 2 •-and then, through a series of reactions, produce H 2 O 2 and OH
• , when the herbicide molecule is regenerated (Ananieva et al. 2002) . Production of ROS is a major cause which subsequently damages the plant cells (Ekmekci and Terzioglu 2005; Taylor et al. 2002) and therefore paraquat phytotoxicity may be associated with oxidative stress-mediated mechanisms (Suntres 2002) .
Results obtained in the present study confirm the expectations, based on the increased intracellular levels of O 2
•-and H 2 O 2 observed in cultures treated with paraquat when non-chlorotic cells are analysed (Fig. 2) . This response was observed for cells exposed to the lowest paraquat concentration assayed, 50 nM, when intracellular level of O 2
•-was analysed. However there was not a significant increase of H 2 O 2 level in such cells with respect to control (p [ 0.05) (Fig. 2) . This differential response may be associated to the paraquat mechanism of action itself, which continuously yields O 2
•-by means of repeated redox cycles. The high oxygen concentration of the chloroplast ensures the rapid re-oxidation of paraquat radicals, which regenerates paraquat and promotes continuous formation of O 2
•- (Ekmekci and Terzioglu 2005) , so it is possible that antioxidant systems which keep the intracellular level of this agent under control in normal circumstances, such as superoxide dismutase enzymes, were not able to detoxify this toxic radical produced at such a high rate. Excess O 2
•-results in the production of H 2 O 2 by spontaneous or enzymatic dismutation (Perl-Treves and Perl 2002) , although intracellular levels of this agent in cultures exposed to the lowest paraquat concentration did not show differences with respect to control (Fig. 2b) , which may be related to cell antioxidant mechanisms still capable of tackling the overproduction of this ROS. It has been reported that certain paraquat concentrations induce antioxidant mechanisms, both enzymatic and non-enzymatic, in plant and animal cells (Ananieva et al. 2004; Cochón et al. 2007; Liu et al. 2009; Mussi and Calcaterra 2010; Qian et al. 2009 ). However, the antioxidant capacity of cells may be overwhelmed after the exposure to high herbicide concentration. This could explain the increase of intracellular ROS levels in cultures exposed to a paraquat concentration above 50 nM (Fig. 2) , especially in the case of H 2 O 2 whose level in non-chlorotic cells exposed to 200 nM was approximately seven times the level shown by control cells (Fig. 2b) .
Chlorotic cells however, showed ROS levels similar to those observed in control cells or even lower (Figs. 1, 2) , which can be related to the results obtained in the esterase activity assay that showed the metabolically non-active state of these cells (Fig. 4) . ROS production would stop in these cells, at the time that these radicals were being consumed in oxidation reactions with cell components as its chlorosis level indicates. A similar response has been reported for Chlamydomonas reinhardtii exposed to osmotic stress, suggesting that cells in which ROS generation was not accelerated were completely dead cells (Yoshida et al. 2004 ). There was a certain percentage of chlorotic cells that were not stained (encircled subpopulation in Fig. 1b) , probably due to a high genotoxic effect of paraquat on these cells (Prado et al. 2009a ) so that they can not retain the DNA-binding fluorochrome.
In the case of microorganisms such as microalgae, the plasma membrane is the chemiosmotic barrier that provides the interface between the organism and its external environment. Across this phospholipid bilayer, a transmembrane electrochemical potential (negative inside) plays a pivotal role in the control of solute exchange, with the implication of large gradients between intracellular and extracellular concentrations of a variety of ions. It is an energy-requiring disequilibrium whose maintenance depends on the action of different channels and pumps (Lloyd et al. 2004) . Therefore, the cytoplasmic membrane potential will report on the current transport and energy status of the cell (Konrad and Hedrich 2008) . Perturbations of the cytoplasmic membrane potential provide a sensitive and rapid indication of physicochemical changes in the extracellular environment and therefore have been suggested to be mediators of subsequent physiological cellular responses (Rabinovitch and June 1990) to environmental stress factors. Results obtained in this study showed that the herbicide paraquat induces the plasma membrane depolarisation in a part of the microalgal population analysed ( Fig. 3; Table 2 ). It was observed that chlorotic cells were characterised by their membrane depolarisation, since they showed an increased DiBAC 4 (3)-derived fluorescence as compared to control cells (Fig. 3) . This could be related to results obtained in a previous study where we concluded that these cells were non-viable (Prado et al. 2011) . Taking only the non-chlorotic cells into account, we could observe that the percentage of cells maintaining a membrane potential decreased in a concentration-dependent manner (Table 2) , similar to the decrease of viable/active cells observed in a previous study (Prado et al. 2011) . In this way, the cytoplasmic membrane depolarisation of C. moewusii cells after 96 h of paraquat exposure could be considered an indicator of the non-viability of these cells, and these effects can be associated with membrane alterations provoked by the peroxidation of membrane lipids as a consequence of ROS attack. Since the plasma membrane potential is a physiological parameter dependent both upon cellular metabolism and the integrity of the cell membrane (Scott and Rabito 1988) , only metabolically active cells Flow cytometric analysis to evaluate physiological alterations 417 whose membranes have not been damaged are capable of generating and maintaining a normal membrane potential (Jepras et al. 1997) . In fact, the membrane potential probe DiBAC 4 (3) was reported to be a sensitive and robust cell viability indicator (Ben Amor et al. 2002; Jepras et al. 1995; Lloyd and Hayes 1995; Papadimitriou et al. 2006) . Enzyme inhibition measurements in microalgae are becoming increasingly popular indicators of environmental stress because they offer a rapid and sensitive endpoint (Blaise and Ménard 1998; Peterson and Stauber 1996) . In particular, esterases comprise a key group of ubiquitous enzymes in plants and animals which have been shown to relate well to metabolic activity and cell viability (Dorsey et al. 1989; Gala and Giesy 1990) . Esterase activity has been used as a sensitive endpoint in different toxicity tests with microalgae, proving to be a reliable indicator of the toxic effects of pollutants (Hadjoudja et al. 2009; Jamers et al. 2009; Lage et al. 2001; Yu et al. 2007) . A decline in enzyme activity is usually considered indicative of the presence of stress (Franklin et al. 2001; Regel et al. 2002) . As well as the increase of the percentage of non-active cells (chlorotic cells and a concentration-dependent percentage of non-chlorotic cells), paraquat induced a decrease of the esterase activity level in metabolically active non-clorotic cells in a concentration-dependent manner (Table 2 ). It is possible that the overproduction of ROS caused oxidative modifications in protein structure and led to alterations in enzyme function, which could explain the results of protein content analysis by flow cytometry. Protein content in non-chlorotic cells was not negatively affected by the paraquat concentrations assayed (Figs. 5, 6 ), but much of this protein pool is likely to be non-functional. One of the most common oxidative modifications of proteins is carbonylation (Valavanidis et al. 2006) , which alters protein activity and increases its susceptibility to proteolytic attack (Pena et al. 2006) .
Non-chlorotic cells in cultures exposed to 100 nM showed a slight increase in its protein content (Fig. 6 ). This could be related to a detoxification mechanism (Rioboo et al. 2002) . Chlorotic cells however showed a drastically decreased protein content (Figs. 5, 6 ), probably as a consequence of a strong degradation by oxygen radicals (Davies 1987) , which may be considered as another indicator of the non-viability of these cells (Darzynkiewicz et al. 1992) . This protein content reduction may also be related to the negative effect of paraquat on enzyme activities involved in nitrogen assimilation (Prado et al. 2009b ).
Conclusions
Flow cytometry allowed the screening of new toxicity endpoints, at cellular level, for improving the bioassessment of pollutant toxicity. It is a fast excellent means of obtaining information about the physiological status and metabolism of microalgal cells after exposure to an environmental stress, which makes it a useful tool for biological monitoring of water quality. In view of the obtained results, we have concluded that a range of significant physiological alterations, detected by flow cytometry, occur when the microalga C. moewusii is challenged with environmentally relevant concentrations of the herbicide paraquat. Chlorotic cells are those that have been poisoned and are either dying or dead; the experimental results confirm this and provide some characterisation of mechanisms. Toxic effects on this organism, as a ubiquitous microalga (primary producer) in freshwater environments, can potentially have profound effects in structure and function of these ecosystems.
